INTRODUCTION
Recent seismologic and geologic studies have revealed a dangerous fault system, the Puente Hills blind thrust, buried directly beneath Los Angeles, California (Shaw and Shearer 1999 , Shaw et al. 2002 , Dolan et al. 2003 . This source, referred to as ''blind'' because it is covered by approximately 3 km of sediment, was first inferred from smallearthquake locations, seismic reflection profiles, and petroleum wells (Shaw and Shearer 1999) . The fault has a long-term slip rate of 0.62-1.28 mm/yr and is thought to accommodate some of the 4.4-5.0 mm/yr compression occurring across the northern Los Angeles basin (Shaw et al. 2002) . Considering the overall extent and geometry of the source, Shaw et al. (2002) estimated the moment magnitude (Mw) for a complete fault rupture to be 7.1. However, a subsequent study of shallow-sediment folding near the surface projection of the fault inferred at least four large (Mw 7.2-7.5) earthquakes over the past 11,000 years (Dolan et al. 2003 ).
An important question is the societal impact of such a Puente Hills earthquake, were it to occur today. Using the HAZUS-99 loss estimation methodology, developed by the National Institute of Building Sciences under a cooperative agreement with the Federal Emergency Management Agency , the California Geological Survey estimated the total direct economic loss for such an event to be $69 billion (Rowshandel et al. 2004) . In fact, of the many scenarios they considered, including a repeat of the 1857, Mw 7.8 San Andreas Fault earthquake, their Puente Hills event was found to cause the greatest direct economic loss (although many other sources pose significant risk as well).
There are two potential issues with the loss estimate of Rowshandel et al. (2004) . First, it is based on the Mw 7.1 estimate of Shaw et al. (2002) , rather than on the more recently inferred range of Mw 7.2-7.5 (Dolan et al. 2003) . Second, their calculation was based on a single attenuation relationship, whereas several equally viable alternative ground-motion models exist that would give different loss estimates. Without exploring the range of losses implied by the alternative magnitudes and ground motion models, it is difficult to know how reliable their single estimate is. This is akin to making an inference about an unknown probability distribution from a single observation.
In this study we consider alternative magnitude estimates and attenuation relationships to quantify the probability of experiencing various losses in a Puente Hills event. This analysis has been made possible, in part, by a recently developed, open-source computational infrastructure for seismic hazard analysis, known as OpenSHA (Field et al. 2003) . Our loss estimates are also based on HAZUS. However, we use a newer version, HAZUS-MH (http://www.fema.gov/hazus) that includes, among other improvements, updated building inventory and demographic data.
In addition to direct economic losses, we present the estimated number of casualties, displaced households, short-term public shelter needs, and the amount of debris generated by the earthquake. We do not report on indirect economic losses, which would include effects such as lost jobs and reduced tax revenues, because the HAZUS-MH Technical Manual (2003) states that ''there have not been adequate tests for [these estimates]....'' We also have not included the effects of ground failure, landslides, or liquefaction, all of which could significantly add to the losses.
THE PUENTE HILLS EARTHQUAKE SOURCE
The Puente Hills fault is composed of three north-dipping ramps, known as the Los Angeles, Santa Fe Springs, and Coyote Hills segments (Shaw and Shearer 1999) . We used the most recent geometric representations for these segments found in the Community Fault Model of the Southern California Earthquake Center (Plesch and Shaw 2003) . Assuming upper and lower seismogenic depths of 5 and 17 km, respectively, and an average dip of 27 degrees (Shaw et al. 2002) , the combined area of these segments is 1206 km 2 . For simplicity, these three segments were merged into a single fault surface for our calculations (shown in Figure 1 ). This simplification, however, has a negligible influence on our results because the ground motion estimates are insensitive to this level of detail.
The average co-seismic slip for each of the four paleoseismically inferred earthquakes is 2.2, 2.2, 4.6, and 4.4 m (Dolan et al. 2003) . According to the magnitude versus Figure 1 . Earthquake shaking maps for some of the scenarios considered in this study. ''Mw'' is the earthquake magnitude, and the attenuation-relationship labels are as abbreviated in Table  1 . The black and white line is the fault-rupture outline (dipping north). The maps for peak ground acceleration (PGA) are qualitatively similar to 0.3-second SA, and the maps for peak ground velocity (PGV) are simply the results for 1-second SA multiplied by the scalar conversion factor given by Newmark and Hall (1982) . The latitude and longitude bounds of the map are 33.5 to 34.5 and Ϫ117 to Ϫ119 degrees, respectively, although the region considered for the loss estimates was larger (33.2 to 35.0 and Ϫ119.5 to Ϫ116.18, respectively). Downtown Los Angeles is located over the most westerly extent of the rupture surface.
slip regression of Wells and Coppersmith (1994) , these slip estimates correspond to Mw 7.2, 7.2, 7.5, and 7.4 events, respectively (Dolan et al. 2003) . Remarkably, these magnitudes are the same as those obtained from the standard Mw versus moment relationship (Hanks and Kanamori 1979) , where moment is computed as the product of co-seismic slip, the total fault area of 1206 km 2 , and a shear rigidity of 3*10 10 N-m. These estimates are also consistent (within one standard deviation) with the various magnitudeversus-area relationships used by the most recent Working Group on California Earthquake Probabilities (2003) . We therefore use the three magnitudes (7.2, 7.4, and 7.5) inferred by Dolan et al. (2003) , together with their relative frequencies of occurrence (0.5, 0.25, and 0.25, respectively), as an approximate probability distribution for the magnitude of a full-fault Puente Hills rupture.
ANALYSIS AND RESULTS
For each earthquake scenario, HAZUS-MH requires maps of median shaking levels for peak ground acceleration (PGA), peak ground velocity (PGV), and spectral acceleration (SA) at 0.3-and 1.0-second periods. In addition to the three alternative magnitudes discussed above, we used the six different attenuation relationships listed in Table  1 . These represent the viable models in terms of being published and currently used in research and practice. Following the National Seismic Hazard Mapping Program (Frankel et al. 2002) , we assign an equal weight to each relationship.
The earthquake shaking maps for each of the 18 scenarios (three magnitudes and 6 attenuation relationships) were computed using an OpenSHA application that is freely available at http://www.OpenSHA.org. This application includes site effects by converting the classification given in the map of Wills et al. (2000) into the classification scheme specific to each attenuation relationship. Basin depth is also included for those models (e.g., Field 2000) that utilize this parameter, as are hanging-wall effects (e.g., Abrahamson and Silva 1997, Campbell and Bozorgnia 2003) . All implementation details can be found in the OpenSHA documentation, which is also available at http:// www.OpenSHA.org Examples of some of the Puente Hills scenario shaking maps are shown in Figure 1 . Interestingly, the choice of ground motion model (e.g., Figure 1a versus 1c) can be more influential than the choice of magnitude (e.g., Figure 1a versus 1b ). An important factor Figures 1a and b at the northwest corner of the earthquake-rupture outline, which represents the Verdugo Mountains, indicates that rock-site PGA is relatively high compared to that at sediment sites for this model (Abrahamson and Silva 1997) . However, the opposite behavior is predicted by the Boore et al. (1997) model used in Figures 1c and d . This difference is a manifestation of assumptions regarding nonlinear soil response. Another feature is that most models predict the highest levels of shaking will be directly over the rupture surface (e.g., Figures 1a-e) , whereas the model used in Figure 1f (Field 2000) predicts that PGV will be highest just southwest of the rupture (over the deepest part of the LA Basin) due to the impact of basin depth.
For the scenario depicted in Figure 1f , Figure 2 shows an example of the spatial distribution of total direct economic losses predicted by HAZUS-MH. Also shown for comparison is the distribution of economic exposure (e.g., building value) throughout the region. The vast majority of losses are shown to occur in Los Angeles County directly over the rupture surface. However, tangible losses are also predicted for counties located to the southeast of the Puente Hills fault as well. The percent losses predicted for this event are greater than those observed for the 1994 Mw 6.7 Northridge earthquake (e.g., Kircher et al. 1997) , both because of the higher magnitude and because the heavily shaken area during Northridge was mostly wood-frame residential structures, whereas Puente Hills sits under older and more vulnerable commercial and industrial structures. Figure 3 shows the total direct economic loss as a function of magnitude for each of the ground motion models considered in this study. The total range of losses is $82 to $252 billion, with differences among the ground motion models being potentially more influential than differences due to magnitude. Identical plots for the number of casualties, displaced households, short-term public shelter needs, and the amount of debris generated exhibit very similar relative trends (and are therefore not shown).
Assuming each ground motion model has equal probability of being correct, together with the relative probabilities assigned to each magnitude above, Figure 4 shows the probability of exceeding various losses given an event. The mean value for total economic loss is $130 billion (with a range of $82 to $252 billion as indicated in Figure 3 ). This range is well above the previous estimate of $69 billion (Rowshandel et al. 2004) . It also exceeds the $44 billion cost estimate for the 1994 Mw 6.7 Northridge earthquake (Eguchi et al. 1998) , but is roughly consistent with estimates for the 1995 Kobe earthquake (Munich Re Group 2000) . Even if the lowest value in our range is correct ($82 billion), this event would still constitute the costliest disaster in U.S. history.
Using proprietary software, Williams et al. (2004) have also estimated losses for a range of Puente Hills scenarios. However, they focused exclusively on insured economic losses (i.e., what insurance companies would pay in claims) rather than the total direct economic losses considered here. Their mean estimate of $24 billion is consistent with ours ($130 billion) if ϳ18% of the overall exposure is insured. Figure 4 also shows the estimated number of fatalities to range between 3,000 and 18,100, with a mean estimate of 7,600 (Northridge had 33 [Peek-Asa et al. 1998 ] and Kobe had 6,348 [Munich Re Group 2000] ). The total number of injuries (not shown) is between 56,000 and 268,000, with a mean of 120,000. Both the fatality and injury es-
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timates assume the event occurs at 2:00 p.m. during a weekday, when many people are at work. The number of displaced households is 142,000-735,000 (meanϭ274,000), and 42,000-211,000 (meanϭ80,000) individuals will need short-term public shelter provided by relief agencies. Finally, the amount of debris generated by the earthquake (not shown) is between 30,000 and 99,000 tons (meanϭ51,000 tons). Figure 1f . Below is the exposure density throughout the region (the total value of the HAZUS-MH building inventory that could potentially suffer losses divided by the area of each census tract). 
DISCUSSION
It's important to note that the loss exceedance curves presented here are themselves uncertain. For example, we have considered only three magnitudes for a full fault rupture, whereas other values are certainly possible. Furthermore, the occurrence of the 1987 Mw 6.0 Whittier Narrows earthquake on this fault (Shaw and Shearer 1999) exemplifies the fact that the next earthquake may not be a full fault rupture (and would therefore produce losses that are lower). However, possibly the most important unresolved uncertainty is related to the loss estimates themselves. That is, even if the magnitude and consequent ground shaking were known perfectly, there would still be considerable uncertainty associated with the losses. Formal quantification of such uncertainties is a very challenging and currently unresolved issue with respect to HAZUS-MH. The technical manual states that the total uncertainty (including that of the ground shaking) is ''... possibly at best a factor of two or more.'' Our results demonstrate that uncertainty from the ground shaking, alone, accounts for at least a factor of two. Although the full uncertainty remains unquantified, this study nevertheless represents an important step in quantifying the range of losses for a Puente Hills earthquake. Table 1 ). HAZUS-MH estimates of total direct economic loss include capital losses (building damage costs, lost contents, and inventory), as well as income losses related to building damage (rental income losses, wage losses, and business interruption).
Of course, it remains possible that any one of the model components used here is seriously flawed. Unfortunately, it is not only beyond the present scope, but indeed a practical impossibility, to validate each and every aspect of the analysis. Therefore, this paper does not constitute a statement of what the true uncertainty actually is, but rather what is implied by current state-of-the-art methodology. If there are indeed problems with the analysis, then we hope this paper will provide motivation to identify and solve them.
Our calculations presume the occurrence of a full Puente Hills fault rupture, which begs the question of what the probability for such an earthquake actually is. The inference of four such events in the last 11,000 years (Dolan et al. 2003 ) implies a Poisson 30-year probability of ϳ1% (a conditional probably based on the date of the last event is not warranted given the large uncertainties cited by Dolan et al. [2003] ). This rather low probability of occurrence must, of course, be weighed against the consequent impact to society if it were to occur.
CONCLUSIONS
Our results demonstrate that the choice of ground-motion model can be more influential than the magnitude of the event (Figure 3) , at least for full fault-rupture on the Puente Hills fault. The choice of an attenuation relationship represents epistemic uncertainty as only one of these ground motion models can be correct-we just do not know which one this is at the present time. In fact, all the models are probably wrong, just some less so than others. The good news is that this uncertainty is potentially resolvable if we can collect the data necessary to test and reject some models, or to produce improved alternatives. For example, the loss uncertainty in this study would be cut by more than half if we could reject all but one attenuation relationship. The results presented here can serve as a basis for comparison in future studies that explore effects such as rupture directivity, or that apply full waveform modeling and/or nonlinear, dynamic structural response (the ''rupture to rafters'' solution). Furthermore, it will be interesting to see whether the models under development in the Next Generation Attenuation Relationships (NGA) Project, sponsored by the Pacific Earthquake Engineering Research Center (PEER) Lifelines Program, will reduce the uncertainty in our estimated Puente Hills earthquake losses.
